A comprehensive numerical modeling framework was developed to estimate the effects of collective global changes upon ozone pollution in the US in 2050. The framework consists of the global climate and chemistry models, PCM (Parallel Climate Model) and MOZART-2 (Model for Ozone and Related Chemical Tracers v.2), coupled with regional meteorology and chemistry models, MM5 (Mesoscale Meteorological model) and CMAQ (Community Multi-scale Air Quality model). The modeling system was applied for two 10-year simulations: 1990-1999 as a present-day base case and 2045-2054 as a future case. For the current decade, the daily maximum 8-h moving average (DM8H) ozone mixing ratio distributions for spring, summer and fall showed good agreement with observations. The future case simulation followed the Intergovernmental Panel on Climate Change (IPCC) A2 scenario together with business-as-usual US emission projections and projected alterations in land use, land cover (LULC) due to urban expansion and changes in vegetation. For these projections, US anthropogenic NO x (NO+NO 2 ) and VOC (volatile organic carbon) emissions increased by approximately 6% and 50%, respectively, while biogenic VOC emissions decreased, in spite of warmer temperatures, due to decreases in forested lands and expansion of croplands, grasslands and urban areas. A stochastic model for wildfire emissions was applied that projected 25% higher VOC emissions in the future. For the global and US Correspondence to: B. Lamb (blamb@wsu.edu) emission projection used here, regional ozone pollution becomes worse in the 2045-2054 period for all months. Annually, the mean DM8H ozone was projected to increase by 9.6 ppbv (22%). The changes were higher in the spring and winter (25%) and smaller in the summer (17%). The area affected by elevated ozone within the US continent was projected to increase; areas with levels exceeding the 75 ppbv ozone standard at least once a year increased by 38%. In addition, the length of the ozone season was projected to increase with more pollution episodes in the spring and fall. For selected urban areas, the system projected a higher number of pollution events per year and these events had more consecutive days when DM8H ozone exceed 75 ppbv.
Introduction
Eulerian chemical transport models (CTM) have been widely used to study complex air quality problems for historical pollution events. These models have also begun to be employed as forecast systems to predict air pollution episodes for short term periods (Mckeen et al., 2005; Chen et al., 2008) . With increasing concern about the range of impacts due to global change, there are new CTM studies investigating regional air quality impacts from large scale changes (Murazaki and Hess, 2006; Tagaris et al., 2007; Racherla and Adams, 2008; Wu et al., 2008) . Global changes, including climate change, land use, land cover (LULC) alteration, population increases and associated emission changes, can influence regional ozone pollution through complex chemical and Published by Copernicus Publications on behalf of the European Geosciences Union. physical processes. The consequences of future ozone pollution on humans and the environment are described in several recent studies Bell et al., 2007; Campbell-Lendrum et al., 2007) .
Climate change is predicted to have direct impacts on regional meteorology (IPCC, 2007) . Changing regional meteorology can affect ozone pollution directly and indirectly. One direct consequence of climate change is the positive feedback between increasing temperatures and increasing ozone formation (Sillman and Samson, 1995) . Steiner et al. (2006) and Dawson et al. (2007) found a warmer future climate increases ozone production by increasing PAN (peroxyacetylnitrate) decomposition, and, thereby increasing NO x concentrations. Quantitatively, Dawson et al. (2007) estimated that a temperature increase of 2.5 • K can result in 1 to 3 ppbv increase in ozone levels over the Eastern US. However, a warmer climate can also increase atmospheric water content, which can increase ozone loss by O 3 +HO 2 →2O 2 +OH and thus decrease ozone atmospheric lifetimes (Racherla and Adams, 2008) .
In addition to influences on ozone chemistry, climate change may also create atmospheric conditions that favor air pollution. By assessing future meteorological patterns with a regional climate model, Leung et al. (2005) found that pollution events will increase in the Western US due to a larger number of stagnation events coupled with higher summer temperatures, higher solar radiation and lower precipitation frequency. Similarly Mickley et al. (2004) and Murazaki and Hess (2006) , using different global climate models, concluded that climate change alone can cause longer and more frequent pollution episodes due to decreased frequency and intensity of synoptic frontal passages.
Future changes in anthropogenic and biogenic emissions can also substantially impact regional pollution conditions. In the Special Report on Emission Scenarios (SRES) the Intergovernmental Panel on Climate Change (IPCC) described several socioeconomic scenarios with projected future greenhouse gas and pollution emissions: A1, A2, B1, B2 (Nakićenović, et al., 2000) . Although the projections between the scenario families are highly variable, all scenarios foresee global increases in anthropogenic ozone precursors due to population increases and urban expansion. Since tropospheric ozone levels have been steadily increasing over the past century (Marenco et al., 1994; Staehelin et al., 1994) , further increases in NO x and non-methane volatile organic compound (NMVOC) emissions may exacerbate pollution conditions and pose greater risks to human health and the environment in the future.
Although many recent studies have investigated the effects of individual meteorological parameters or regional emissions upon surface ozone, few have considered the collective effects of global changes on a regional scale. This holistic view is important because of the broad effect that global changes have on ozone chemistry and physics. In this case, we take global change to include the effects of climate change, changes in global anthropogenic precursor emissions consistent with the SRES scenarios, changes in US emissions due to population growth and economic expansion, and alterations in LULC that can affect both meteorological conditions and biogenic emissions important for ozone formation. We also consider the effects of changes in climate that affect the occurrence of wildfires within the US. Together, these different features of global change represent a relatively complete suite of changes that will affect air quality in the US in the future.
In this work, we demonstrate a coupled global and regional CTM framework to study global change consequences on US ozone pollution in 2050s. The methodology accounts for the collective factors influencing ozone: from large scale global climate and global pollution burden, to regional emission variations due to LULC alterations and anthropogenic activity. We first describe the modeling approach in Sect. 2, followed by results and discussion in Sect. 3. A summary and conclusions are presented in Sect. 4. In a companion paper by Avise et al. (2008) , this investigation is taken a step further with an attribution analysis of the relative importance of the effects on ozone and PM 2.5 due to each individual aspect of global change.
Methods
The model system consists of one-way coupled global and regional scale models where results from the global models were used to drive regional simulations through spatiotemporal varying boundary conditions. In this dynamic downscaling approach, the global models account for the effects of global change and communicate these changes to the regional scale in terms dynamically changing boundary conditions. In turn, the regional models couple these global conditions to better resolved terrain, land use, and emissions affecting ozone formation and fate within the US. The model downscaling between global and regional models had been recently discussed in the literature (Tong and Mauzerall, 2006; Huang et al. 2008) .
The model system was applied for two 10-year periods. The base case, 1990-1999, represents present-day air quality conditions. Results from this simulation are compared with long-term measurements for model evaluation, and as a benchmark for comparison with the future case for 2045-2054. Long-term simulations were carried out to better represent large-scale signals from global change and to minimize the normal temporal variability. These decade-long simulations represent a large array of environmental conditions driven by the combined global and regional model scenario.
Global simulations
The global models used were the PCM (Parallel Climate Model; Washington et al., 2000) , and the MOZART-2 (Lamarque et al., 2005a) . The output timesteps for PCM and MOZART-2 were 6 h and 3 h, respectively. Global CO, NO x , SO 2 , VOC, and PM 2.5 emissions for MOZART-2 were based on the Emissions Database for Global Atmospheric Research (EDGAR version 3.2; Olivier et al., 2000) and the Global Emissions Inventory Activity (GEIA: http://geiacenter.org). Global biogenic emissions were generated dynamically using algorithms from Guenther et al. (1995) with variable global vegetation distributions for each decade. Global lightning NO x emissions were included, but variations in lightning NO x emissions from climate change were found to be small in this model setup (Lamarque et al., 2005b) .
Future climate and pollutant environments for the 2050s were based on the IPCC SRES A2 scenario (IPCC, 2001) . The A2 scenario represents one of the worst projected global environments among all the scenario families (Nakićenović et al., 2000) . It has high atmospheric loading with a steady rate of increase of greenhouse gases and ozone precursor emissions. The average CO 2 and CH 4 mixing ratios in 2050s are both ∼50% higher compared to the present-day case of 353 ppmv and 1.70 ppmv, respectively. Global anthropogenic NO x emissions are projected to more than double to 71 Tg nitrogen year −1 , while global anthropogenic VOC emissions are projected to increase by approximately 60% to 225 Tg carbon year −1 .
Regional simulations
The regional Mesoscale Meteorological model version 5 (MM5) (Grell et al., 1994) and the EPA Community Multi-scale Air Quality (CMAQ) modeling system (Byun and Schere, 2006) were used to downscale the PCM and MOZART-2 outputs, respectively. Results from the regional models were hourly pollutant concentrations at 36-km grid resolution over the continental US.
Regional meteorology
The Pennsylvania State University (PSU) -National Center for Atmospheric Research (NCAR) mesoscale model (MM5, release 3.6.3) was used as the regional climate model and applied in a one-way nested configuration at 108-km and 36-km grid resolutions . PCM to MM5 downscaling was conducted at the 108-km domain by nudging the MM5 results towards that of PCM at every 6 h time step; no nudging was applied to the 36-km domain, allowing mesoscale features to develop freely. The model runs were conducted in non-hydrostatic mode with the MRF planetary boundary layer scheme (Hong and Pan, 1996) , simple-ice cloud microphysics, Kain-Fritsch cumulus parameterization (Kain and Fritsch, 1990) , and CCM2 radiation scheme. The model configuration for the future case was identical to the base case except for projected LULC changes.
It is important to consider future LULC alterations in a comprehensive global change scenario. Most previous studies on global change impacting regional air quality have assumed static LULC in the future scenario. LULC variations can significantly influence regional meteorology and air quality through surface-atmosphere energy flux perturbations (Civerolo et al., 2000; McDonald-Buller et al., 2001; Grossman-Clarke et al., 2005) . In addition, LULC changes can directly influence the magnitude and spatial distribution of emissions.
Future LULC applied here followed the A2 climate conditions with data prepared for the Community Land Model (CLM; Bonan et al., 2002) and urban expansion information projected from the Spatially Explicit Regional Growth Model (SERGOM; Theobald, 2005) . The SERGOM provided urban and suburban population density distributions for 2030. Future vegetation and agriculture LULC were based on a preliminary mapping of plant functional type distributions for the CLM ( Feddema, J., personal communication, 2007) . The maps were from an interpolation of the Integrated Model to Assess the Global Environment (IMAGE v2.2; Alcamo et al., 1998; Nakićenović et al., 2000; RIVM, 2002; Strengers et al., 2004) . Natural vegetation in the future was held constant relative to the present-day land cover dataset, while future agricultural and grazing extents were represented by the IMAGE v2.2 A2 scenario. Figure 1 depicts the current and future decade LULC, in terms of the USGS categories used in MM5. The predominant changes are the increasing abundances of shrub, grassland, and dry-land crop areas. Large regions of the central US changed from grass and croplands to pasture or dry-land crop. In the southwest, land covers shift from mostly shrub land to sparse vegetation and grassland. In the Pacific Northwest, areas of evergreen forests are transformed to grassland and irrigated crops. Overall, there is complete disappearance of tundra and wooded wetland categories; these are replaced by shrubs, bare vegetation, dry land pasture and urban areas. Although the scenario appears extreme and is dominated by agriculture, these changes provide an upper limit to the impact of LULC on future meteorology, emissions, and air quality.
Regional air quality
The CMAQ model (version 4.4) with SAPRC-99 chemistry mechanism (Carter, 1990) was applied for the regional air quality simulations. The model adopted the MM5 terrain www.atmos-chem-phys.net/9/1125/2009/ Atmos. Chem. Phys., 9, 1125-1141, 2009 following coordinates with 17 vertical layers. The top of the first layer was approximately 35 m above the surface. Both the base case and future case chemical boundary conditions were downscaled from the MOZART-2 output. Chemical concentrations were taken directly from overlapping grids between the CMAQ lateral boundaries and the MOZART-2 domain. Chemical mechanism species in MOZART-2 were matched to those used in the CMAQ model. The boundary conditions represent the overall global chemical background for each decade. There are considerable differences between the current and projected global chemical conditions. Figure 2 shows the July averaged ozone, NO x and VOC profiles along the east and west lateral boundaries. Species concentrations are generally higher for the eastern boundary as the predominant westerly wind brings cleaner Pacific air to the west, while the air mass leaving the eastern boundary contains higher anthropogenic pollution levels.
There is a clear shift towards higher global ozone, NO x and VOC pollution in the future. The degree of increase varies vertically. Along the western boundary, the average ozone mixing ratio below 500 mb increased approximately 12 ppbv (31%), while the VOC mixing ratio almost doubled from 1.1 to 2.1 ppbv. Along the east, the ozone mixing ratio was projected to increase by 14 ppbv (30%), while NO x and VOC mixing ratios were estimated to increase by approximately 50%. The changes on the western edge reflect increasing global pollution conditions, while those on the east are due to a combination of global changes and increasing US emissions. Hogrefe et al. (2004) and Avise et al. (2008) found higher global background concentrations to be a primary cause for the increases in US ozone levels in the 2050s. Similarly using a global CTM, Jacob et al. (1999) estimated monthly mean ozone levels in the US to increase by 1-6 ppbv from 1985 to 2010 due to increases in Asian emissions.
Regional emissions
Regional emissions for CMAQ were processed with the SMOKE modeling system (Houyoux et al., 2005) . The present-day US anthropogenic emission inventory was based on the 1999 EPA National Emission Inventory (available at: http://www.epa.gov/ttn/chief/net/1999inventory.html). The 2050s anthropogenic emissions were projected with the region-specific emission factors base on the EPA Economic Growth and Analysis System (EGAS; US EPA, 2004). Future emissions accounted for estimated population, economic growth and projected energy usage by sector, but did not include emission control regulations or major technology breakthroughs that would significantly affect the use of traditional energy. Future mobile source projections, based on EPA MOBILE6, considered increases in alternative fuel vehicles and decreases in older vehicles; however, the dominant transportation fuels were assumed to remain gasoline and Atmos. Chem. Phys., 9, 1125-1141, 2009
www.atmos-chem-phys.net/9/1125/2009/ diesel. Spatial distributions of future anthropogenic emissions were also updated with population density from the SERGOM to reflect expanding urban areas. Table 1 shows the regional emission summary for the two cases. The biggest projected change was for area sources with NO x , VOC and SO 2 increasing by more than 50%, and CO increasing by 31%. Non-road mobile emissions were projected to increase between 11% and 38% depending on the species, but on-road mobile emissions were projected to stay relatively constant. Anthropogenic point sources were assume unchanged. Overall, the future US anthropogenic VOC, NO x and CO emissions were projected to increase by 53%, 6% and 6%, respectively, compared to the present-day estimates.
Natural source emissions from vegetation and wildfire were included in the regional domain in both cases. Biogenic emissions were generated dynamically with the MEGAN model (Guenther et al., 2006) . The model estimates hourly isoprene, monoterpene and other biogenic VOC emissions from vegetation using a seasonal varying vegetation dataset and hourly meteorology. Present-day vegetation data were from satellite observations. Future case LULC data were based on the same data as that used in the MM5 model described earlier (Fig. 1) .
Large differences in biogenic emissions were projected for the future due to changes in LULC and climate. Figure 3 shows the July-averaged isoprene emission comparison normalized at 30 • C. Isoprene emission capacity was projected to decrease because of projected LULC changes.
Isoprene-dominant LULC categories, such as broadleaf forests, were greatly reduced in the southeast, coastal California and northern Midwest, and replaced by grasslands or crops with lower isoprene and monoterpene emission capacity. The reductions were significant since regional isoprene emissions decreased, even though average temperatures were estimated to be warmer. The July biogenic VOC emissions in 2050s were predicted to decrease by 34% from the presentday estimates. This is a significant difference in our simulations in comparison to other model studies that projected higher isoprene emissions in the future due to warmer climate (e.g., Hogrefe et al., 2004; Racherla and Adams, 2008; Wu et al., 2008) . Our results show that future increases in biogenic VOC emissions due to warmer temperatures could be offset by reductions in emission capacity due to LULC alterations. Although the LULC applied here represent an extreme scenario with large uncertainty, this change emphasizes the importance of developing reasonable LULC projections for both forested lands and agricultural expansion or contraction.
Emissions from fire events can contribute significant amounts of pollutant precursors and pollutants to the atmosphere (Miranda, 2004; Malm et al., 2004) . To account for the impact of biomass burning on air quality, we applied the Bluesky model system (Larkin et al., 2008) to estimate fire emissions for current and future case simulations. Fire event data for 1990-1999 were obtained from the Bureau of Land Management with records of fire location and size on federal lands. Future fire events were modeled using the Fire Scenario Builder (FSB) stochastic model (Mckenzie et al., 2006) . The FSB model estimates fire occurrence probability, fire size, and fuel consumption with simulated future meteorology from MM5. The Bluesky model projected approximately 25% increases in VOC and CO emissions from wildfire due to increases in future wildfire activity (Table 1) .
Results and discussion

Compare regional meteorology with observations
Since the simulations were performed using a free-running climate model, without any assimilation of observational data, the results for the current case do not correspond to any specific calendar event, but represent a general realization of current climate conditions. Thus, comparisons of the base case with observations were conducted with an emphasis on the ability of the model to reproduce the frequency and spatial distributions of meteorological parameters and pollutant levels. Surface temperature and precipitation from the MM5 model were compared with station observations across the US for 1990-1999. The evaluations were performed at the station level, independent of year. Observational data were from the Historical Climate Network (HCN; Karl et al., 1990) . There were 1221 stations selected for the evaluation, such that all were at elevations within 150 m of the collocated MM5 model grid cell.
A composite 1990-1999 annual cycle of daily maximum temperature (T max) and daily minimum temperature (T min) were computed for MM5 and HCN observations on a monthly interval. Figure 4 compares the simulated and observed results in simple scatter plots, with each point representing a single station and calendar month; calendar months temperatures, however, there is a reduced diurnal range in the simulation as noted by deviations from the one-to-one line. Similar comparisons were conducted for modeled precipitation (Fig. 4) . Spatial correlation across the continental US is good for winter months, but poor for fall with mixed performance for summer and spring. The annual spatial correlation coefficient is 0.61 with monthly ranges between 0.11 and 0.89. There is a substantial wet bias in the simulation for summer and fall, with smaller dry bias for winter and spring. The annual mean precipitation bias over the decade is −0.019 mm day −1 . Spatially, the MM5 simulations tend to overestimate precipitation in the Southwestern US and underestimate in the southeast.
Compare modeled ozone with observations
Long-term hourly ozone measurements were obtained from the EPA Air Quality System (AQS) database for years 1994-2003 (available at: http://www.epa.gov/ttn/airs/airsaqs). Model comparisons were performed for spring (March, April, and May), summer (June, July, and August) and fall (September, October, and November). The comparisons were not carried out for winter due to a lack of ozone measurement data. Hourly ozone measurements from approximately 1000 sites were used in the comparisons. Stations were grouped geographically by the various US EPAdesignated regions. For simplification, stations in Regions 1, 2 and 3 are grouped together to represent the northeast (Fig. 5) . Table 2 summarizes the comparisons using standard model performance statistics (defined in Table 3 ). The statistics were computed for monthly averaged ozone levels as well as episodic ozone levels paired by measurement sites. The average ozone condition is defined as averaged daily maximum 8-h (DM8H) ozone at individual sites, and the episodic ozone condition is defined as the monthly 98th percentile mixing ratio.
In general, the base case simulation adequately represented the spatial distribution and magnitudes of present-day ozone conditions. The model monthly DM8H ozone mixing ratios were all within a factor of 1.5 of the measured mixing ratios. The correlation coefficients ranged from 0.5 in the spring and fall to 0.6 in the summer. In terms of performance statistics, the normalized mean error (NME) ranged from 11% in the spring to 18% in the summer. The model performance was slightly better for episodic ozone events. The NME ranged from 10% to 15%, and the overall mean error (ME) was between 7.7 ppbv and 11 ppbv, in the spring and fall respectively. On average, the model over-predicted the summer time episodic ozone by 3.5 ppbv and underpredicted the spring and fall episodic ozone by about 2 ppbv. Figure 6 shows the quantitative regional comparisons of modeled and measured DM8H ozone ranges across measurement sites for spring, summer and fall months. In the summer months when ozone mixing ratio was the highest, the average ozone condition was better represented for Western and North central US (R08, R09, and R10) but over-estimated by Atmos. Chem. Phys., 9, 1125-1141, 2009
www.atmos-chem-phys.net/9/1125/2009/ 
M i -Modeled mixing ratio O i -Measured mixing ratio 7-10 ppbv for Eastern and South central US (R1-3 to R07). The comparison was better for the 98th percentile episodic ozone conditions where mixing ratio differences ranged from a 10 ppbv under-prediction in the Northwestern US (R10) to an 8 ppbv over-prediction in Northeastern US (R1-3). In the spring and fall months, the regional model performances were similar as in the summer, but the regional ozone mixing ratios were lower with narrower ranges. In all seasons the comparisons were poorer for lower ozone conditions. The model generally over-estimated the 20th and 2nd percentile ozone mixing ratios, the positive biases across all regions and months ranged from 0-16 ppbv and 3-20 ppbv, respectively.
Future meteorological conditions
The magnitudes and spatial differences of present-day and future case average daily maximum surface temperature (T max), boundary layer height (PBL) and daily accumulated precipitation were compared by month and for the summer season (Fig. 7) . The annual averaged T max was projected to increase by +1.3 • C. Monthly differences varied from +0. Regions with decreases or small increases in temperature have lower PBL heights, while regions with larger temperature increases have higher PBL in the future. Annually the mixing height was projected to increase by 60 m (2%); however, the monthly variations differed from 32 m (2%) lower in December to 125 m (5%) higher in April. Since the spatial correlation for PBL and temperature is high, future increases in ozone pollution that result from higher temperature may be somewhat offset by the higher PBL heights. The projected changes in daily accumulated precipitation were very small. Rainfall was projected to be slightly higher (+0.2 mm) in the spring but lower for the rest of the year (−0.1 mm). The magnitude of change was larger at the regional scale. Precipitation in the summer was projected to be higher in the central states, but decreased slightly for the southwest, Eastern Texas and coastal Florida. Higher precipitation and associated cloud cover can decrease photolysis rates and increase removal of ozone through wet deposition, thereby reducing ozone levels.
Future ozone pollution conditions
The collective effects of global and regional changes were projected to cause poorer air quality in the US. The magnitudes of pollution changes varied spatially and temporally Fig. 8 shows the spatially averaged DM8H ozone comparisons by month and over the entire year. The annual DM8H ozone in the US was projected to increase by +9.6 ppbv (22%) from the base case of 44 ppbv. The inter-annual ozone variability was similar for the current and the future cases: the 10-year DM8H ozone standard deviations for the base case and the future case were 10 ppbv and 11 ppbv, respectively. The annual DM8H ozone standard deviations were larger than the monthly values of 3-5 ppbv because ozone mixing ratios are higher during summers but lower during the rest of the months.
Future monthly averaged DM8H ozone mixing ratios were projected to be higher in all months by between +8 and +13 ppbv. The rate of increase was larger in the winter and spring than the rest of the year. In the winter and spring, the projected DM8H ozone increased by 28%, while in the summer months it increased by 17%. The differences are attributed to higher future chemical boundary conditions as well as decreases in PBL height during the winter. In a separate attribution study of factors contributing to future US ozone, Avise et al. (2008) show that for the A2 scenario, increasing tropospheric pollution levels, incorporated as chemical boundary conditions, have the most significant impact compared to changes in future US emissions, US meteorology, or regional LULC.
The overall projected DM8H ozone increase of +9.6 ppbv (22%) in 2050s from global change is slightly higher than those reported in other recent studies using CTM downscaling Steiner et al., 2006; Tagaris et al., 2007; Tao et al., 2007) . This discrepancy is likely due to different considerations in future chemical boundary conditions and future US emissions. None of the above studies considered future chemical boundary conditions with a dynamic global chemistry model. The studies also did not account for the associated LULC changes due to future climate, and they projected US emissions based on IPCC scenario factors or assumed future emission reductions with successful emission policies and controls. In this work, chemical boundary conditions were derived from the global MOZART-2 model, US vegetation distribution were altered following the IPCC A2 scenario, and US anthropogenic emissions were projected to increase based on economic and population growth factors. The results presented here can therefore be taken as an upper bound on projected US air quality for 2050. However, it is important to note that the ozone difference may have been greater if LULC were to remain unchanged with higher biogenic emissions as the result of a warmer climate.
The projected poorer ozone air quality in the future was also reflected in the average number of days when ozone exceeds the new US EPA ambient air quality standard of 75 ppbv (Fig. 9) . Episodic ozone events were projected to Atmos. Chem. Phys., 9, 1125-1141, 2009 www.atmos-chem-phys.net/9/1125/2009/ occur more frequently in all months except the winter. The largest increase in episodic ozone frequency occurred in the spring. Annually, episodic ozone days were projected to increase more than 3 times from the base case of 10 days per year. In the summer, the average ozone episode frequency was projected to increase to approximately 6.7 days from the base case of 2.6 days per year. Since ozone attainment is determined by the 4th highest annual DM8H ozone averaged over 3 years, increasing the frequency of ozone exceeding 75 ppbv on an annual basis will increase the likelihood of regions violating the ozone standard.
Under the combined impacts of global change, the ozone pollution season was projected to be longer, with diminished seasonal difference between the spring and summer months (Fig. 9) . In the 2050s, the average US ozone season was projected to start as early as March and end in October. In both the base case and the future case, ozone events occur most frequently in July when surface temperature was also the highest.
3.5 Future ozone pollution by regions and sites Figure 10 shows the difference map of average DM8H ozone mixing ratio for the summer months (future case minus the base case). The spatial distribution correlated with the projected increases in summer surface temperature as well as decreases in summer precipitation (Fig. 4) . Higher ozone levels were projected across the continent with larger increases in the east, south and southwest.
The combined effects of higher global and US emissions, expansion of urban areas, and warmer summer temperatures will potentially cause much of the US to experience higher ozone condition in the future. Many urban areas, where ozone is more sensitive to VOC emissions, were projected to have summer DM8H ozone increases between +10 ppbv to +20 ppbv (Fig. 10) . The summer DM8H ozone mixing ratios in rural regions were also projected to be higher by approximately +2 ppbv to +10 ppbv in the 2050s. The differences in ozone changes are due to combinations of changes in local emissions and environmental conditions as well as due to collective global changes. There were, however, isolated locations where episodic DM8H ozone mixing ratios were projected to decrease in 2050s. Most of these represent major cities such as Washington, DC, New York, NY, and Los Angeles, CA. The projected decreases of 1 to 3 ppbv are likely due to local increases in NO x emissions such that fresh NO x emissions enhance ozone chemical removal via NO titration. Similar occurrences were found by Civerolo et al. (2007) for the New York area. By using a regional CTM with the IPCC A2 scenario, they estimated ozone in New York urban centers in the 2050s to decrease by 1 to 1.2 ppbv due to future urbanization, which resulted in higher anthropogenic emissions and reduced biogenic emissions.
Spatial comparisons also showed future ozone pollution to impact more areas within the US. Quantitatively, of the 6094 domain grids representing the contiguous US, 86% were projected to have DM8H ozone exceeding the 75 ppbv standard at least once per year, and 76% were to exceed the standard by at least four times per year. This represents a 38% increase in areas experiencing high ozone levels compared to the base case, and the possibility of 79% increase in areas that were designated as non-attainment with the federal ozone standard. Larger fractions of rural regions were projected to have high ozone conditions in 2050s. Most of these occurrences were in spring and summer months when conditions are favorable to ozone chemistry. Figure 11 shows the quantitative seasonal comparisons of base case and future case DM8H ozone averaged by the measurement sites shown in Fig. 5 . Across the regions, the average DM8H ozone were estimated to increase by 9-15 ppbv in the spring and 6-13 ppbv in the summer. The south central US (R06) had the largest ozone increase compare to the base case, with 15 ppbv (+29%) and 13 ppbv (+22%) increases, respectively for spring and summer months. In contrast, the Northwestern US (R10) had the least amount of change with 9 ppbv (+24%) and 6 ppbv (+16%) increases. In the fall season, the regional changes were more homogeneous between 6 ppbv and 9 ppbv. The Southwestern US (R08) had the largest estimated increase of +25% from the base case of 37 ppbv, and the southern Midwest region (R07) had the least amount of change, with 6 ppbv (+16%) increase from the base case of 38 ppbv.
The regional ozone spatial variability, measured by ozone mixing ratio standard deviations across measurement sites, was projected to be smaller in the future case. The smaller variability implies that ozone concentrations in the 2050s were projected to have smaller spatial differences between sites within a region. This is likely due to expansions of urban areas with more homogeneous LULC and pollution responses.
Eight sites were selected across the regions to compare the impacts of global change on ozone (Fig. 5) . These sites were chosen for their high observed ozone during 1992-2003. Each site is downwind of a large urban area with average measured episodic ozone levels ranging from 84 ppbv in Canby, OR to 165 ppbv in Crestline, CA. Ozone seasons at these locations, measured by days per month DM8H ozone exceeding 75 ppbv, were projected to lengthen. The changes were larger for cities in the east and in California compared to the rest of the sites. In the present-day, most sites had ozone seasons between April and September, except Chatfield Lake, CO and Canby, OR where the ozone season was shorter from May to August. In the future case, all sites were projected to have longer ozone seasons. The three sites in the east, Winslow, NJ, Gt. Smoky Mt., TN, and Wilmington, OH, were projected to have the longest ozone season. Ozone season in these sites were projected to start as early as February and end in November with an average 0.3 days and 0.4 days per month when DM8H ozone exceeds 75 ppbv, respectively. Chatfield Lake and Canby with least number of episodic ozone days had shorter ozone season from April to September. For the rest of the sites, high ozone conditions were projected to occur from March through October.
In the 2050s, many areas were projected to have more frequent ozone episodes with longer pollution durations. Figure 12 shows the normalized percentage of ozone events grouped by number of consecutive days when DM8H ozone mixing ratios exceed 75 ppbv. The total ozone episode-day in each case, defined as number of days ozone mixing ratio exceed 75 ppbv at a site, is noted on the figure legend. In the base case, most sites had less frequent and shorter ozone episodes. At seven of the sites, more than 50% of all episodes were shorter than 2 consecutive days.
In the future case, all 8 sites were projected to have decreased frequency of one-and two-day episodes, in exchange were higher frequency of longer pollution events. The shift in episode length distribution is due to normalization by total ozone episode-day from each decade. In the future case, the model estimated a shift in percentage of shorter-duration episodes in exchange for increased number of longer-duration episodes. The actual number of episodeday in the future is higher due to higher total number of ozone episodes. Except for Chatfield Lake, CO and Canby, OR more than 35% of ozone episodes were projected to last more than 3 consecutive days, compared to approximately 20% in the base case. The possibility of more frequent and prolonged exposures to high ozone conditions in the future is likely to cause more damaging effects on human health than single-day acute exposures (Spektor et al., 1991; Ratto et al., 2006) .
Summary and conclusions
We have implemented a numerical modeling system to quantify regional ozone pollution 50 years in the future and accounted for the combined effects of large-scale global change, regional-scale emissions, LULC changes within the US and changes in wildfire occurrence. The model framework includes a coupled global and regional model system where the PCM and MOZART-2 global models provide spatiotemporal boundary conditions as input to the regional MM5 and CMAQ models. This framework was applied to simulate ozone conditions for the 1990-1999 base case and the 2045-2054 future case. The projected future global anthropogenic influence follows the IPCC A2 business-asusual scenario. Future US anthropogenic emissions were projected to be higher based upon population and economic growth projections, while biogenic VOC emissions were estimated to be lower due to LULC changes. Wildfire emissions were estimated to be 25% higher in the future for both VOC and CO.
The base case simulations were compared with long-term meteorology and ozone measurements. Correlations for daily maximum and minimum temperature were good, but the simulation showed reduced diurnal temperature ranges. The system represented the episodic ozone conditions well for spring, summer and fall months, but had positive biases for average and low ozone conditions. Spatially, the system was able to reproduce the measured ozone mixing ratios variations across the US.
Large changes in regional air quality conditions were projected for the 2050s with respect to the base case simulation. Although the estimated changes in LULC reduced the biogenic emissions in the 2050s, the projected increase in anthropogenic emissions and higher tropospheric background pollutant levels caused ozone air pollution to be worse both spatially across the US and temporally within a year. The mean annual DM8H ozone mixing ratio was projected to increase by 9.6 ppbv (22%) compared to the base case. Monthly DM8H ozone were projected to increase by 8 to 13 ppbv with a larger percentage change in the winter and spring compared to the rest of the year.
Spatially, the projected ozone change varied across the US continent. There were larger increases in the east, south and southwest, and lesser increases in the Pacific Northwest and central states. Quantitatively, 38% more areas were projected to experience high ozone pollution exceeding the 75 ppbv ozone standard at least once per year compared to the base case.
Temporally, there were more days when DM8H ozone mixing ratios exceed 75 ppbv in the future. The increase in ozone episode frequency not only occurred during the summer season, as in the base case, but also in the spring and fall due to longer warming periods. The results also showed a higher frequency of longer ozone pollution episodes with more consecutive days having ozone mixing ratios exceed the 75 ppbv standard.
The results presented in this work showed the collective impacts of future global change on regional ozone pollution in the US based on the business-as-usual (A2) climate and pollution scenario in the 2050s. Studies based upon more optimistic climate scenarios and projected future US emission conditions will produce a different range of results. This work provides a potential upper bound on US ozone conditions given the more pessimistic aspect of the scenarios considered.
The large reductions and spatial changes in the projected biogenic emissions demonstrated the sensitivity and uncertainty with projected LULC changes, and their indirect impact on future ozone air quality. The projected ozone magnitude and spatial distribution may have been worse if LULC were to remain unchanged with higher biogenic emissions as the result of a warmer climate. Due to the complexity of atmospheric chemistry and meteorology influences on pollution events, the overall ozone change may result from Atmos. Chem. Phys., 9, 1125-1141, 2009
www.atmos-chem-phys.net/9/1125/2009/ additive or subtractive effects of multiple factors. Additional sensitivity analyses, as presented in Avise et al. (2008) , were applied to further isolate and quantify the importance of individual global change variables on future pollution conditions.
